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Abstract 
Appropriate manure application rates, timing, and methods are necessary to 
maximize nutrient utilization by plants from manure, while minimizing water resource 
pollution potential, including that of enteric organisms.  A field study and a soil 
column study examined the response of indicator bacterial densities in subsurface 
drain water to different swine manure applications.  The field study focused on the 
impacts of different manure management regimes on fecal coliform, fecal 
streptococcus, and Escherichia coli (E. coli) densities in subsurface tile drain water.  
Eight swine manure treatments were compared with a control treatment where 
commercial urea ammonium nitrate was applied.  Manure treatments included fall 
injection, spring injection, and late winter broadcast at application rates of 168 kg 
N/ha and 336 kg N/ha. Results indicated that the highest incidence of significantly 
elevated bacterial levels occurred where manure had been broadcast in late winter 
at a rate of 336 kg N/ha.  
 
The authors are solely responsible for the content of this technical presentation. The technical presentation does not 
necessarily reflect the official position of the American Society of Agricultural Engineers (ASAE), and its printing and distribution 
does not constitute an endorsement of views which may be expressed. Technical presentations are not subject to the formal 
peer review process by ASAE editorial committees; therefore, they are not to be presented as refereed publications. Citation of 
this work should state that it is from an ASAE meeting paper. EXAMPLE: Author's Last Name, Initials. 2001. Title of 
Presentation. ASAE Meeting Paper No. xx-xxxx. St. Joseph, Mich.: ASAE. For information about securing permission to reprint 
or reproduce a technical presentation, please contact ASAE at hq@asae.org or 616-429-0300 (2950 Niles Road, St. Joseph, 
MI 49085-9659 USA). 
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In the soil column study, leachate from intact 20-cm diameter, 30-cm long soil 
columns receiving fall and spring manure applications at 168 kg N/ha and 336 kg N/ha was 
analyzed for bacterial densities.  Fecal coliform, E. coli, and enterococci densities in leachate 
from the columns were determined for four weekly irrigation events following manure 
application. While a positive trend between manure application rate and bacterial densities in 
leachate was observed, this effect was not generally statistically significant at the 10% level.  
However, an interaction between the application rate and timing was observed, indicating 
that an increase in application rate is more likely to cause a greater increase in bacterial 
contamination in subsurface drainage with spring application than with fall application.  
Manure applied at 336 kg N/ha during the spring often resulted in significantly higher 
bacterial levels in leachate than other treatments.  Bacterial densities in leachate from fall 
manure-applied soil columns were significantly lower in comparison with bacterial densities 
in leachate from the spring manure-applied soil columns during the second, third, and fourth 
irrigation events.   
Introduction 
Where livestock manure is land applied, the potential for fecal contamination of 
receiving waters exists.  Fecal material is associated with several pathogens that pose a health 
risk to humans.  Fecal pathogens that may become waterborne include: Escherichia coli (E. 
coli), Salmonella sp., Campylobacter sp., Shigella sp., Giardia, and Cryptosporidium.  
Because it is often difficult and expensive to detect these pathogenic organisms within 
reasonable detection limits, indicator organisms are used to detect fecal contamination and 
predict the likelihood of the presence of pathogenic organisms.  Microbial water quality is 
usually described in terms of common indicator bacteria, such as fecal coliforms, E. coli (a 
subpopulation of fecal coliforms), fecal streptococci, and enterococci (a subpopulation of 
fecal streptococci).  Bacterial water quality standards and guidelines are most often written in 
terms of colony forming units (CFU) of fecal coliform or E. coli per 100 mL water.  
 Bacterial water quality determines the suitability of a water body for both drinking 
and recreational uses.  Drinking water must have less than one CFU/100 mL fecal coliforms 
(zero contamination in a sample volume of 100 mL), and the maximum allowable limit for 
fecal coliforms in recreational waters (limited contact) is 200 CFU/100 mL.  Current manure 
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application guidelines do not prevent the introduction of pathogenic microorganisms to 
surface and ground waters.  Therefore, it is important to identify optimum manure 
application procedures, which can minimize bacterial pollution from land application while 
maintaining crop yield.  Specific manure application parameters include application method, 
timing, and rate.  It is necessary to optimize these application parameters to maximize 
manure benefit, while minimizing the pollution potential from the use of manure.   
This paper will focus on the movement of land applied manure-borne fecal bacteria to 
subsurface drain water.  Specifically, these studies examined the impacts of different manure 
management regimes on four fecal indicator populations: fecal coliform, Escherichia coli (E. 
coli), and enterococci, and fecal streptococcus, in subsurface field drain water and leachate 
from intact soil columns.  The objective of these studies was to identify the optimum swine 
manure application parameters in order to minimize impacts to the bacterial quality of 
subsurface drain water, without diminishing crop yield.   
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Literature Review 
 
Microbial Contamination of Subsurface Tile Drainage Water from Field Applications 
of Liquid Manure 
  
A field study employed existing tile drainage lines to monitor bacterial leaching under 
normal management practices (Joy et al., 1998).  Naladixic acid resistant E. coli (E. coli 
NAR) was used as a tracer organism to measure bacterial contamination of subsurface 
drainage reaching tile lines following twice-yearly liquid dairy manure application.   
This study was performed on a loam soil with a 4% slope. The field was planted in 
corn and received conventional mouldboard plow tillage.  The site was artificially drained by 
100-mm vitrified clay tile on approximately 17-m spacing.  Three parallel tile drains were 
equipped with access chambers consisting of vertical 900-mm plastic pipe.  These access 
chambers were used to obtain water samples for bacterial analysis and quantify flow.  Just 
down-gradient from the access chambers, the tiles drained into a surface ditch.   
 Liquid dairy manure was inoculated with E. coli NAR and applied in spring before 
planting and in fall following harvest.  Manure was spread using a deflector on the outlet 
nozzle of the tanker at a rate of 56,000 L/ha and had an initial E. coli NAR density of 7.6 X 
103 to 1.3 X 105 CFU/g manure.   
 Densities of E. coli NAR in tile water were determined before, during and after 
manure applications.  Samples were obtained from each tile line access chamber, at the point 
of discharge into the surface ditch, and up and down stream from the discharge point.  Each 
sample was 200 mL.  Samples were analyzed using membrane filtration techniques and 
mTEC-NA agar.   
At no time was E. coli NAR detected in the receiving ditch upstream of the discharge 
point, but E. coli NAR was detected downstream of the discharge point.  Peak levels of E. 
coli NAR in tile water ranged from 1 to 1400 CFU/100mL and frequently exceeded 100 
CFU/100mL.  Actual manure application rate did not affect E. coli NAR densities in drain 
water.   
 
Leaching of Escherichia coli O157:H7 in Diverse Soils under Various Agricultural 
Management Practices 
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In a study by Gagliardi and Karns (1999), soil cores receiving rainfall simulation 
were used to observe leaching of E. Coli O157:H7 through three soils under different manure 
and tillage practices.  Bacterial densities in soil and leachate from intact (simulating no 
tillage) and disturbed (simulating tillage) soil cores receiving surface inoculation of E. Coli 
O157:H7 with and without surface manure application were compared for three different 
soils.   
Soil cores were collected from a clay loam, a silt loam, and a sandy loam.  Intact 
cores were collected in 177.5-mm sections of 102-mm (inside diameter) polyvinyl chloride 
(PVC) pipe.  The pipe was beveled at 45o on the downward facing edge.  A steel plate was 
placed over the upward facing edge and struck with a hammer until 152.5 mm of the pipe 
was driven into the soil.  Each core was then excavated by removing the surrounding soil and 
cutting the bottom of the soil core cleanly from the remaining soil surface.  Each core was 
placed on filter paper inside a 133-mm Buchner funnel and sealed in place.  Disturbed cores 
were created by placing cylinders of the same dimension and aluminum flashing construction 
onto filter paper inside 133-mm Buchner funnels and filling the cylinders with soil that had 
been air dried and sieved through 5-mm mesh.  Soil was added and tamped in 15 mm 
increments until soil depth equaled 152.5 mm.  All cores were saturated from the bottom up 
by drawing reverse osmosis water through capillary action from the bottom of the core until 
the soil surface was wet.  Disturbed cores were then removed from the aluminum cylinders 
and encased in cement on the vertical sides, eliminating the potential for preferential wall-
flow.   
The inoculum in this case was a rifamycin-resistant derivative of E. Coli O157:H7 
strain B6914 containing plasmid pGFP with genes for green fluorescent protein and 
ampicillin resistance.  Organism density in inoculum ranged from 3.015 X 107 CFU/mL.  
Manured cores received 1 mL of inoculum in 50 g of manure and non-manured cores 
received 1 mL of inoculum directly to the soil surface.  Manure and inoculum were spread 
evenly over the entire core and rainfall simulations began immediately. 
Eight rainfall simulations of 25.4 mm over a 4-hour period were performed on all soil 
cores.  Simulations occurred daily for the first four days, and then every three to four days 
thereafter.  Leachate was collected in sterile beakers once for each rainfall, after gravity 
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drainage had ceased.  Soil samples were collected after simulation at three evenly spaced 
depths and from the manure layer, if present.  Samples were diluted using an isotonic saline-
phosphate buffer and plated onto selective agar.  After incubation, green glowing colonies 
were counted under a long-wavelength UV light source.   
E. Coli O157:H7 was detected in leachate from all soils at all sampling times over the 
18 days of the experiment.  Densities ranged from 105 to 108 CFU on the day of inoculation 
and from 104 to 106 CFU after 18 days.  Intact clay cores clogged by the third day.  The 
number of CFU E. Coli O157:H7 recovered ranged from 0.64 to 30.97 times more than CFU 
E. Coli O157:H7 inoculated, with only one treatment (intact sandy loam, no manure) having 
fewer CFU E. Coli O157:H7 recovered than inoculated.  E. Coli O157:H7 generally 
replicated better without manure in disturbed cores and with manure for undisturbed cores.  
Since nutrients were able to leach faster from disturbed cores, it is believed that E. Coli 
O157:H7 had to compete more with soil microflora for available nutrients, especially where 
manure was applied.  Intact cores, where microsites remained, allowed E. Coli O157:H7 to 
avoid excess predation and competition.  However, there was no significant difference 
between the till and no-till treatments at the 5% level.  
 
Movement of Bacteria in Unsaturated Soil Columns with Macropores 
 In a 1998 study by Abu-Ashour and associates, repacked soil columns were used to 
evaluate the effects of macropores, soil type, tillage, rainfall simulation , and initial soil 
moisture on bacterial leaching.  Investigators used a tracer organism, nalidixic acid-resistant 
E. coli (E. coli NAR) to monitor bacterial movement through the soil columns.   
 The soils used in this study were a silt loam having an organic matter content of 4.7% 
and a loam having an organic matter content of 0.9%.  Soils were mechanically separated, 
air-dried, sieved to 2 mm, and mixed prior to soil column packing.  Desired initial water 
contents were achieved through drying, wetting, and mixing. One macropore was created in 
each desired column using a 2.4-mm diameter rod held vertically in place during soil column 
packing, and then removed, leaving a void with the approximate dimensions of a typical 
macropore.  Each 400-mm X 89-mm diameter plexiglass soil columns was packed to a soil 
depth of 175 mm and dry bulk density of 1.2 g/cm3.  Soils were compacted in 87.5-mm 
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increments, in order to ensure uniform compaction.  At the bottom of each soil column, a 
perforated plexiglass disc overlaid with 38-mm stainless steel mesh provided support.  Two 
ports in the bottom provided access for leachate sampling and drainage discharge.  
 A 6-mm depth of E. coli NAR (106 to 1010 CFU/mL) inoculate was applied to the 
surface of each column and outflow was quantified and analyzed for E. coli NAR.  A 10-mm 
2-hour rainfall simulation was performed on some columns 24 hours after inoculation and 
leachate was again quantified and analyzed.   
 Results indicated that columns without a macropore retained a high percentage of 
inoculate in the top 2 cm of soil, whereas columns with a macropore lost up to 83% of 
applied E. coli NAR in leachate.  No E. coli NAR was found in leachate from soil columns 
without macropores.  Higher initial soil moisture (40-41%) exacerbated bacterial leaching, 
especially where a macropore was present.  No leachate was recovered from low initial 
moisture columns (9-10%).  In columns where the top 2 cm was reworked to destroy the 
macropore inlet, downward drainage was retarded and bacterial migration was reduced.  This 
effect was more noticeable on wet soils than on dry.  Soil type did not notably influence 
bacterial leaching in unsaturated soil.   
 
FIELD STUDY 
Methodology 
Experimental Site Description 
The experimental site was located at the Iowa State University’s Agronomy and 
Agricultural Engineering Research Center west of Ames, Iowa on Clarion loam soil, in the 
Clarion – Nicollet – Webster Soil Association.  The soil is generally well drained and suited 
to cultivated crops.  The bulk density of on-site Clarion loam is approximately 1.4 g/cm3.  
The area receives an annual average of 82.5 cm of precipitation, with about 55.0 cm 
occurring during the spring and summer months.   
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Experimental Treatments 
Eight manure treatments were compared with a commercial N treatment of 168 kg 
N/ha as liquid urea ammonium nitrate (UAN) (Figure 1).  Because a producer is likely to 
fertilize regardless of manure supply, this experimental design was chosen in order to provide 
the basis for comparison between manure treatments and the alternative commercial N 
treatment (used as a check treatment).  Experimental treatments were divided into three 
application schedules: fall, late winter, and spring.  Manure was injected in the fall using the 
standard injection and new slot injection methods.  In late winter, manure was broadcast onto 
frozen ground.  In the spring, manure was injected using the standard injection method.  For 
each manure application, a recommended application rate of 168 kg N/ha was compared to a 
double application rate of 336 kg N/ha.  Liquid UAN was incorporated on the commercial 
plots in the spring at the time of planting.   
 
Treatments
Timing
Method
Rate
168
kg-N/ha
336
kg-N/ha
Inject
(standard)
168
kg-N/ha
336
kg-N/ha
Inject
(new slot)
Fall
168
kg-N/ha
336
kg-N/ha
Broadcast
Late Winter
168
kg-N/ha
336
kg-N/ha
Inject
(standard)
168
kg-N/ha
(UAN)
Incorporate
Spring
 
Figure 1.  Experimental treatments on timing, rate, and method of swine manure 
     application. 
 
Experimental Layout 
The study site was divided into three experimental blocks each having nine treatment 
plots (Table 1), to accommodate three replications of the commercial fertilizer treatment and 
eight manure treatments.  The resulting 27 individual plots were arranged in a randomized 
block design (Figure 2).  
 9
 
Table 1.  Experimental Treatments   
 
Treatment 
Identification 
Treatment 
Abbreviation 
Application  
Timing 
Application 
Method 
Application Rate 
(kg N/ha) 
Spring UAN CTL Spring (UAN) Incorporate 168 
Fall Inject 1X FI1 Fall Inject 168 
Fall Inject 2X FI2 Fall Inject 336 
Fall New 1X FN1 Fall New Slot Inject 168 
Fall New 2X FN2 Fall New Slot Inject 336 
Broadcast 1X WB1 Late Winter Broadcast 168 
Broadcast 2X WB2 Late Winter Broadcast 336 
Spring Inject 1X SI1 Spring Inject 168 
Spring Inject 2X SI2 Spring Inject 336 
 
 
 
 
Figure 2.  Experimental layout of plots for 9 treatments and 3 replications. 
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Experimental Plot Design 
Each experimental plot was selected to be 7.5 meters wide, to accommodate an 
annual rotation of 5 rows of corn in half the plot and 5 rows of beans in the other half, and 
22.5 meters long.  Each plot was equipped with both subsurface flow and surface runoff 
collection systems (runoff data are not presented here). Collection systems were gravity fed 
to the end of each plot.  All plots were surrounded by earthen berms, to avoid overland flow 
and subsequent cross contamination between plots.  Figure 3 shows a schematic of the 
experimental plot. 
 
 
 
 
 
 
 
 
Figure 3.  Schematic diagram of an experime ntal plot (aerial view). 
 
Manure Application 
Because this research required a degree of application uniformity and accuracy above 
that which could be provided by manure applicators currently on the market, the research 
team designed and built a new manure applicator for this study (Figure 4).  The main goal of 
the applicator design was the ability to accurately determine the application rate and volume 
of manure applied to the plots.  This was essential in order to effectively evaluate the surface 
and subsurface losses of pollutants from the treated plots. 
The main components of the applicator were two cast iron progressive cavity pumps 
(Roper 71228) with hard chrome plated alloy internals.  These power take-off (PTO)-driven 
pumps were chosen for their abilities to meter manure precisely and handle solid particles up 
to 2 cm in diameter.  Running at 700 rpm, each pump conveyed 41 m3/hr (180 gpm).  Two 
pumps were used in the final design.  The pumps were mounted on a steel chassis with a dual 
10.5 m 
   runoff collection tank
   3.3 m dia.         
 
subsurface drainage 
collection sump  
37.5 cm dia. 
subsurface flow collection tile line 
slotted pipe for runoff collection 
15 cm dia. 
22.5 m 
 
7.5 m 
5 rows corn 
5 rows beans 
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Figure 4.  Schematic of manure applicator. 
 
walking tandem adjustable wheel base.  The frame for this chassis was constructed with 10-
cm (4-inch) square steel tubing, and each axle had a 5400 kg (12,000 lb) load rating.  The 
wheels were spaced on 229-cm (90-in) centers, such that they could straddle three 76-cm 
(30-inch) rows.  The pumps were supplied with liquid manure from a 3506-L (925-gallon) 
polyethylene tank.  During application, the manure was recirculated for mixing within the 
tank using a 3729-W (5-HP) trash pump.  Five-centimeter (2-inch) solid hose was used for 
this recirculation.  Each pump was used to supply manure to one knife at a time. Shutoff 
valves located between the pump and each shank ensured that each pump supplied manure to 
only one shank at a time.  Manure was supplied to the shutoff valves using non-collapsible 
hose and PVC tubing.  Collapsible hose was used to convey manure from the shutoff valves 
to the application tubing behind each shank. Each shank and knife could be raised and 
lowered using hydraulic cylinders (20-cm (8-inch) stroke, 8-cm (3-inch) bore, 7.5kPa (2500 
psi)) driven by the tractor hydraulic system.   
Liquid swine manure from the Iowa State University Swine Nutrition Farm was 
obtained using a Better-Bilt 12886-L (3400-gallon) vacuum tank.  The liquid manure was 
agitated using a 5966-W (8-HP) trash pump prior to application.  
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For the winter surface broadcast application, a hose connected to a "T" fitting on the 
trash pump was used to fill a broadcast application tank during recirculation.  A graduated 
polyethylene spray tank was used with a Banjo pump to apply the manure volume to within 
an accuracy of 5 percent.  The manure was broadcast manually using the Banjo pump and a 
7.6-cm (3-in) hose with a 2.5-cm (1-in) reducer on the end.  Manure was uniformly broadcast 
on each plot until the desired volume, based on nitrogen analysis, was applied.  This 
application procedure was representative of management used by many producers to avoid 
soil compaction.  It was completed late in the winter after any snow had melted, but while the 
soil was still frozen.   
For the inject treatments, manure was injected in two passes of each plot.  During the 
first pass, the middle two knives were fed by the two pumps for applying the first half of the 
volume for the predetermined application rate.  While applying manure using the two middle 
shanks, the outer two shanks were inactive and in a raised position.  Afterwards, the middle 
shanks were raised and the outer two shanks were used to apply the second half of the 
manure during a second pass.  This order of operation reduced soil compaction and tire 
slippage. Grab samples of the liquid (integrated over the time of application) were also taken 
as the manure was being applied.  One integrated sample was collected for each replication 
of each treatment.  Manure had an average initial fecal coliform density of 2,500,000 
CFU/100 mL. 
 
Instrumentation 
Subsurface drainage was collected through corrugated plastic subsurface tile lines, 
which were installed at a 1.2 m depth and 10.5 m in length into the field (Figure 3).  They 
were positioned in the middle of each plot and perpendicular to the contour.  Each tile line 
drained into a vertical 37.5 cm diameter PVC collection sump at the end of each plot.  The 
collection system dimensions were designed to yield a representative sample at a manageable 
flow volume. Electric sump pumps were installed in each collection sump, which operated 
automatically on a float mechanism to pump subsurface flow from each plot through an 
orifice tube.  Orifice plates diverted 0.2 percent of the total tile flow into 3.78 liter glass 
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sampling bottles.  This volume was used to calculate total flow volumes for flow-weighted 
average bacterial densities.  
  
Sampling and Analysis  
Subsurface drain water samples were taken weekly starting with the onset of flow in 
the spring or summer and continuing through the flow season ending mid fall.  A submersible 
electric pump was used to collect samples from each sump.  All subsurface drainage samples 
taken for bacterial analysis were pumped directly from the sump into sterile plastic sample 
bags.  The pump and sampling equipment was flushed by pumping a few liters through 
before obtaining a sample.  Samples were analyzed within 24 hours and stored at 4°C until 
they were analyzed.  Analysis for fecal coliforms (FC), E. coli, and fecal streptococcus (FS) 
were done according to the membrane filtration technique described in Standard Methods for 
the Examination of Water and Wastewater, 18th edition, plating on m-FC agar for fecal 
coliforms, m-coli blue broth for E. coli, and m-Enterococcus agar for fecal streptococcus.  
All FC, E. coli, and FS densities were recorded in terms of colony forming units (CFU)/ 100 
mL.  
 
Results 
 
In order to detect significant differences between treatments, a log transformation was 
performed on bacterial data and a least significant difference test was performed on the 
transformed data with a=0.1.  In 1998, fecal bacterial densities differed between treatments, 
although trends were not clear (Table 2).  For instance, the commercial UAN treatment had 
the lowest concentration of fecal streptococcus, but not for fecal coliform.  One possible 
explanation for this is that the two species have different growth requirements.  Factors, such 
as pH, moisture, temperature, texture, nutrients, and macropores, which influence their 
growth and movement may vary spatially between or within plots.   It is also important to 
note that annual averages do not reflect short term spikes in bacterial density.  Since optimal 
growth conditions differ between fecal coliforms and fecal streptococci, it is not surprising 
that populations did not follow identical trends.  The fall inject single rate treatment had 
significantly lower fecal coliform levels in subsurface drainage than the fall new inject single 
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rate and winter broadcast double rate treatments.  All other treatments were statistically 
similar at the 10% level.  There were no significant differences in E. coli or fecal streptococci 
densities between treatments during 1998.   
 
Table 2.  Flow weighted average bacterial densities in subsurface drain water during 
    1998.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Treatment Fecal coliform E. coli Fecal streptococci 
Spring UAN 8.0ab 0.7a 21.4b 
Fall Inject 1X 1.2b 0.4a 25.2ab 
Fall Inject 2X 3.9ab 0.3a 111.4ab 
Fall New 1X 65.0a 2.3a 503.0a 
Fall New 2X 3.3b 12.7a 161.5ab 
Broadcast 1X 7.1ab 1.1a 42.0ab 
Broadcast 2X 51.4a 1.0a 152.1ab 
Spring Inject 1X 31.0ab 0.5a 71.2ab 
Spring Inject 2X 12.7ab 7.1a 110.3ab 
 
Bacterial densities during 1999 are given in Table 3.  In many cases, average bacterial 
densities were dominated by a single isolated spike in bacterial density.  For this reason, it is 
difficult to correlate annual average bacterial densities with treatment.  Fecal coliform and 
fecal streptococci densities declined slightly overall during 1999, while E. coli densities were 
similar to those observed during 1998.  The double-rate winter broadcast treatment resulted 
in significantly higher E. coli densities than the other treatments and significantly higher 
fecal streptococci densities than all but the fall slot inject double –rate treatment, which 
yielded unexpectedly high fecal streptococci levels.  All other treatments were statistically 
similar at the 10% level.  
 Over the 2-yr duration of this study, the highest incidence of significantly elevated 
bacterial levels occurred where manure had been broadcast in late winter at a rate of 336 kg 
N/ha, and where manure had been slot injected in fall at 168 kg N/ha.   
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Table 3.  Flow weighted average bacterial densities in subsurface drain water during  
       1999.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Treatment Fecal coliform E. coli Fecal streptococci 
Spring UAN 11.7a 0.6b 51.6b 
Fall Inject 1X 2.0a 0.5b 34.2b 
Fall Inject 2X 4.7a 0.8b 33.9b 
Fall New 1X 33.5a 1.0b 38.0b 
Fall New 2X 12.9a 2.0b 147.4ab 
Broadcast 1X 9.6a 2.3b 96.3b 
Broadcast 2X 10.9a 15.1a 231.7a 
Spring Inject 1X 35.3a 6.3b 44.6b 
Spring Inject 2X 1.0a 1.8b 101.4b 
 
The effects of application timing (Tables 4 and 5) and rate (Tables 6 and 7) were not 
significant at the 10% level.  Difficulty maintaining biological control in the field setting is 
believed to have contributed to variability in the data set.  However, application method 
(Tables 8 and 9) had some effect.  Annual flow-weighted average fecal streptococcus 
densities in subsurface drainage water were significantly higher where manure had been 
broadcast rather than injected during the second year of this study.  A possible explanation 
for this is that the availability of nutrients in the soil and water is paramount to bacterial 
survival.  Bacteria present in manure generally have access to a high nutrient supply.  Enteric 
organisms do not readily adapt to the lower nutrient availability in the soil environment post-
application (Klein and Casida, 1967), and this contributes to die-off.  This effect would be 
minimized in a surface application.   
 
Table 4.  Flow weighted average bacterial densities in subsurface drain water during  
       1998, according to time of application.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Timing Fecal coliform E. coli Fecal streptococci 
Fall 18.4a 3.9a 200.3a 
Spring 21.8a 3.7a 90.8a 
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Table 5.  Flow weighted average bacterial densities in subsurface drain water during  
       1999, according to time of application.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Timing Fecal coliform E. coli Fecal streptococci 
Fall 13.3a 1.1a 63.4a 
Spring 18.2a 4.1a 73.0a 
 
Table 6.  Flow weighted average bacterial densities in subsurface drain water during  
       1998, according to rate of application.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Rate Fecal coliform E. coli Fecal streptococci 
168 kg N/ha 26.0a 1.0a 20.0a 
336 kg N/ha 17.8a 5.3a 7.4a 
 
Table 7.  Flow weighted average bacterial densities in subsurface drain water during  
       1999, according to rate of application.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Rate Fecal coliform E. coli Fecal streptococci 
168 kg N/ha 20.1a 2.5a 53.3a 
336 kg N/ha 7.4a 4.9a 128.6a 
 
Table 8.  Flow weighted average bacterial densities in subsurface drain water during  
       1998, according to method of application.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Method Fecal coliform E. coli Fecal streptococci 
Inject 19.5a 3.9a 163.8a 
Broadcast 29.3a 1.1a 97.1a 
 
Table 9.  Flow weighted average bacterial densities in subsurface drain water during  
       1999, according to method of application.   
 
 Flow-weighted Average Bacterial Density (CFU/100 mL) 
Method Fecal coliform E. coli Fecal streptococci 
Inject 14.9a 2.1a 66.6b 
Broadcast 10.2a 8.7a 164.0a 
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Conclusions 
 
 Because of the higher incidence of elevated bacterial levels in subsurface drain water 
below plots receiving a winter broadcast manure application at 336 kg N/ha and the potential 
for bacteria to survive longer in lower temperatures and in the unincorporated condition, this 
treatment should be avoided.   
 Because broadcast manure resulted in significantly higher bacterial densities in 
subsurface drain water and macropores, which are not disturbed during broadcast operations, 
are the main bacterial leaching pathway, manure should be injected rather than surface 
broadcast.    
 The new slot inject system did not result in lower bacterial contamination in 
subsurface drain water.  However, the higher incidence of significantly elevated bacterial 
contamination in the single rate plot than in the double rate plot suggests the possibility of 
tile line contamination.  
 Difficulty maintaining biological control in the field setting may have contributed to 
this variability and falsely high bacterial levels.  A laboratory study utilizing intact soil 
columns to monitor fecal bacterial leaching under these manure treatments and biologically 
controlled conditions is indicated.  
 
SOIL COLUMN STUDY 
Methodology 
Eighteen soil columns were collected from the Iowa State University Agronomy and 
Agricultural Engineering Research center near Ames, IA in order to accommodate three 
replications of four manure treatments and two control treatments. Soil column treatments 
are listed in Table 10.  The soil was a Clarion loam in annual corn and soybean rotation.  Soil 
columns were extracted in late fall, after the 1999 soybean harvest, using a Giddings probe 
and a 20-cm bit adapter.  The 30-cm long columns were extracted in 38-cm long sections of 
sterilized galvanized tubing that had been sharpened on the down - facing edge.  In order to 
detect compaction, the vertical distance between the top edge of the column and the inside 
soil surface was measured and compared to the vertical distance between the top edge of the 
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column and the outside soil surface, prior to extraction of each soil column.  No compaction 
was detected. 
 
Table 10.  Experimental Treatments. 
 
Spring Control Not amended 
Fall Control Not amended 
Spring Inject 1X Manure application at a rate of 168kg N/ha (150lb N/ac) 
Spring Inject 2X Manure application at a rate of 336kg N/ha (300lb N/ac) 
Fall Inject 1X Manure application at a rate of 168kg N/ha (150lb N/ac)  
Fall Inject 2X Manure application at a rate of 336kg N/ha (300lb N/ac)  
 
The soil columns were transported to a growth chamber, simulating the soil 
temperature at the 10-cm (4-inch) depth during the typical periods of fall and spring manure 
application.  Autoclaved screen was installed on the bottom of each column in order to 
prevent soil loss. The columns were then arranged in a random block design in a leachate 
collection apparatus consisting of 25-cm autoclaved funnels and a guide table that prevented 
the columns from deviating from the vertical position (Figure 5). They were saturated with 
5000 mL of water and allowed to drain for 4 days.  After this period, manure was 
incorporated to the 10-cm depth.  The manure was obtained from a finishing unit at the 
Bilsland Memorial swine farm near Luther, IA and was less than 7 days old.  Bacterial 
analysis revealed a fecal coliform density of 2,000,000 CFU/100 mL. 
The spring soil columns remained under May conditions in the growth chamber 
following manure application.  The growth chamber temperature was set to reflect the 
average daily minimum and maximum soil temperature fluctuations at the 10-cm depth, 
using a ten-year average from data collected at the experimental site from which the columns 
were extracted.  The temperature regime is illustrated in Figure 6. 
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Figure 5.  Soil columns in the leachate collection apparatus.   
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Figure 6.  Average daily soil temperature at the 10 cm (4 inch) depth, Ames IA. 
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Soil temperature was chosen over air temperature for the growth chamber program 
because of the semi-exposed condition of the soil columns, which is in contrast to the less 
exposed condition of a similar soil profile in situ.  Buffering of air temperature fluctuations, 
which significantly affects soil temperature at depth, was built in to the growth chamber 
temperature program by setting the growth chamber air temperature equal to the average 
daily soil temperature at the 10 cm depth.  In the growth chamber, the average daily 
minimum soil temperature occurred during 12 hours of darkness and was followed by 12 
hours of the average daily maximum soil temperature during 12 hours of light. 
Six days after manure application, the first of four irrigation events took place on the 
spring columns.  Water was irrigated to a ponding depth of 5.3 cm (volume = 1700 mL), 
which is a typical weekly rainfall amount for the first week in May.  Weekly rainfall depths 
were based on weekly rainfall data and irrigated in a single event in order to produce the 
effects of macropore flow and yield enough leachate to perform bacterial analyses.  The 
leachate was collected in sterile plastic sample bottles and analyzed for fecal coliform, E. 
coli, and enterococci using Standard Methods 9222D, 9222G, and 9230C, respectively.   This 
process was repeated for the second, third, and fourth irrigation events.  Ponding depth for 
these events was 3.7 cm (volume = 1200 mL), 3.4 cm (volume = 1100 mL), and 3.4 cm 
(volume = 1100 mL), respectively.  Outflow was quantified in order to provide data 
necessary to complete water budgets on each column.  Average outflows between treatments 
were similar.   
Six days after manure application, fall soil columns were sealed and transported to a 
freezer, where they remained for 7 weeks, to simulate over-winter conditions of below 
freezing temperatures and snow cover, and to produce the cell changes associated with 
freezing and thawing.  After this period, they were transported to a growth chamber 
simulating the same time period as the spring columns.  According to field data, this is the 
period during which bacterial leaching occurs on fall-manured plots as well as spring 
manured plots.  Irrigation events on the fall soil columns began 2 days after transport to the 
growth chamber.  The depth and timing of fall soil column irrigation events were the same as 
the depth and timing of spring column irrigation events.   
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A mass evaluation was performed on three representative soil columns.  Prior to each 
irrigation event, these columns were weighed.  The mass of outflow was monitored using 
volumetric analysis of leachate samples.  The mass data were used in conjunction with 
moisture analysis of the columns after the completion of the study in order to model the 
water budget for each column.  Mass data are given in Table 11.   
 
Table 11.  Mass balance for three representative fall soil columns.   
 
 Fall control Fall 2X Fall 2X 
 replicate 2 replicate 1 replicate 2 
 mass (kg) mass (kg) mass (kg) 
Prior to Event 1 17.91 19.01 17.90 
Irrigation 1.70 1.70 1.70 
Drainage water 0.82 0.78 0.79 
Evaporation (calculated) 0.67 0.77 0.64 
Prior to Event 2 18.12 19.16 18.17 
Irrigation 1.20 1.20 1.20 
Drainage water 0.43 0.42 0.55 
Evaporation (calculated) 0.71 1.00 0.83 
Prior to Event 3 18.18 18.94 17.99 
Irrigation 1.10 1.10 1.10 
Drainage water 0.43 0.12 0.30 
Evaporation (calculated) 1.06 1.62 0.71 
Prior to Event 4 17.8 18.3 18.08 
Irrigation 1.10 1.10 1.10 
Drainage water 0.36 0.10 0.13 
 
 
Results and Discussion 
Bacterial densities in soil column leachate from irrigation events 1 through 4 are 
given in Figures 7 through 10.  Generally, the double rate manure treatment resulted in 
slightly higher bacterial densities in soil column leachate.  This difference became more 
significant with successive irrigation events because of the higher organic matter present in 
double rate columns.  Organic matter may minimize the stress of between – event drying on 
bacteria.  The application rate effect was statistically significant at the 10% level for 
enterococci during event 3.  The fall columns yielded similar bacterial densities as the spring 
columns for event one, and lower bacterial densities for events 2, 3, and 4.  The application 
timing effect was significant at the 10% level during events 3 and 4 for fecal coliform, during 
events 2 and 3 for E. coli, and during event 2 for enterococci.  This pattern of diverging fall 
      5/10/1999               5/12/1999                 5/18/1999                6/7/1999 
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and spring leachate bacterial densities over time may be the result of decreased vitality of the 
fall bacteria due to the freeze-thaw cycle.  The higher organic matter available to bacteria in 
the double rate columns contributed positively to the survival of bacteria, particularly the fall 
bacteria.  An interaction between rate and timing interaction was significant for fecal 
coliform during event 4 and E. coli during events 3 and 4.  
While bacterial densities were higher in leachate from double rate manure columns 
during event 1, no significant differences between treatments were detected during this event.  
However, bacterial densities from control columns were significantly lower than in manured 
columns, with the exception of enterococci in leachate from the spring control column. 
Enterococci have a high degree of survivability in the soil. For this reason, contamination 
effects of wildlife activity or manure transportation on the soil column extraction site prior to 
soil column extraction would be most visible and most persistent in enterococci densities.  
With the exception of enterococci, bacteria were not detected in the control columns after the 
first irrigation event, and leachate bacterial densities from the control columns were always 
significantly less than those from manure treated columns.   
Event 2 resulted in higher bacterial densities in leachate from columns receiving 
double manure application rate, although this difference was not significant.  The effect of 
timing was significant however, with E. coli and enterococci densities significantly lower in 
fall column leachate than in spring column leachate.  E. coli densities in leachate from spring 
columns were significantly lower than those in leachate from the fall double rate columns. 
Bacterial quality of leachate resulting from event 3 was significantly influenced by 
both timing and rate, and was poorest among the spring double rate columns.  Spring double 
rate columns resulted in significantly higher E. coli densities than fall single and double rate 
columns.  Spring single rate columns resulted in significantly higher E. coli densities in 
leachate than fall single rate columns.  Other differences between treatments were evident, 
although not statistically significant at the 10% level.   
During event 4, spring double rate columns continued to result in the poorest quality 
leachate.  This treatment resulted in fecal coliform densities in leachate significantly higher 
than all other treatments, and E. coli densities higher than spring single rate and fall double 
rate treatments. 
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Figure 7.  Bacterial densities in soil column leachate from event 1. 
 
Figure 8.  Bacterial densities in soil column leachate from event 2. 
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Figure 9.  Bacterial densities in soil column leachate from event 3. 
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Figure 10.  Bacterial densities in spring soil column leachate from event 4. 
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The response of bacterial densities in leachate to successive irrigation events is 
illustrated in Figures 11 through 13. 
 
Figure 11.  Fecal coliform density in soil column leachate. 
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Figu   Figure 12.  E. coli density in soil column leachate. 
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Figure 13.  Enterococci density in soil column leachate. 
 
It is expected that fecal coliform densities follow a similar pattern to E. coli densities, 
since E. coli is a subset of fecal coliforms. Enterococci are unrelated enteric organisms 
however, with a higher degree of survivability in the soil.  This may explain the different 
pattern of enterococci levels over time and background levels of enterococci in control 
columns, which received no manure application.  A faster decline in leachate bacterial 
densities in single rate treatments can be clearly observed in Figures 11 through 13. 
 Fluctuations in soil column gravimetric moisture content are believed to have 
been the major factor contributing to bacterial die-off in this study.  These fluctuations can be 
observed in Figure 14.  It is possible that more significant differences resulting from 
application timing and rate would be observed under more ideal moisture conditions. 
Statistical analysis of bacterial counts yielded similar results to statistical analysis of 
bacterial densities.  There were no significant differences in drainage volume between 
treatments. 
1
10
100
1000
C
FU
/1
00
m
l
spring control
spring manure 1X
spring manure 2X
fall control
fall manure 1X
fall manure 2X
Event 1 Event 2 Event 3 Event 4
C
F
U
/1
00
 m
L
 
 27
 
Figure 14.  Average gravimetric moisture content of soil columns over time. 
 
Conclusions 
Intact soil columns were used to model the movement of bacteria to subsurface 
drainage following fall and spring swine manure applications at a rate of 168 kg N/ha and a 
rate of 336 kg N/ha.  In almost every case, leachate from manured columns had significantly 
higher bacterial densities than leachate from non-manured control columns.  This suggests 
that land application of swine manure is likely to cause bacterial contamination of subsurface 
drain water, even at the recommended application rate of 168 kg N/ha.   
Clear differences in bacterial densities were identified between treatments during the 
second, third, and fourth irrigation events following manure application.  Spring application 
of swine manure resulted in higher bacterial densities in subsurface drainage than fall 
application during the 5-week period following spring manure application. Specifically, the 
spring 336 kg N/ha treatment yielded higher bacterial densities than other treatments during 
all but the first irrigation event.  This suggests that manure applied to the field at a rate of 336 
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kg N/ha during the spring may contribute significantly more bacterial contamination to 
ground water and tile drainage than fall and spring 168 kg N/ha manure applications and fall 
336 kg N/ha applications.   
Although few significant differences were detected between application rates, the 
columns that received 336 kg N/ha swine manure almost always yielded higher bacterial 
densities in leachate than the columns that received 168 kg N/ha swine manure during the 
same season.  Additionally, an interaction between the application rate and timing was 
observed, suggesting that an increase in application rate is more likely to cause greater 
bacterial contamination in subsurface drainage for spring application than for fall application.   
Research examining manure application impacts to bacterial quality of drain water 
includes field studies utilizing tile drain (Joy et al., 1998), (Culley and Phillips, 1982), and 
laboratory studies using soil columns (Abu-Ashour et al., 1998), soil cores (Gagliardi and 
Karns, 2000), or soil blocks (McMurray et al., 1998).  Generally, the laboratory studies have 
resulted in more significant differences between manure treatments than the field studies.  
The results of these studies have supported this trend.   
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